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The appearance of spin-1 resonances associated to the electroweak symmetry breaking (EWSB) 
sector is expected in many extensions of the Standard Model. We analyze the CERN Large Hadron 
Collider potential to probe the spin of possible new charged and neutral vector resonances through 
the purely leptonic processes pp — >• Z' — Ipr, and pp — >■ W' — >■ l'^ t~ Ipr , with 1,1' = e or 
/X. We perform a model independent analysis and demonstrate that the spin of the new states can 
be determined with 99% CL in a large fraction of the parameter space where these resonances can 
be observed with 100 fb~^. We show that the best sensitivity to the spin is obtained by directly 
studying correlations between the final state leptons, without the need of reconstructing the events 
in their center-of-mass frames. 

PACS numbers: 12.60.Fr, 14.70.Pw 



I. INTRODUCTION 

One of the prime objectives of the CERN Large Hadron 
CoUider (LHC) is to probe directly the EWSB sector. 
The analysis of partial wave unitarity of longitudinal 
weak boson scattering guarantees that there should exist 
a new state at the TeV scale or that thisprocess becomes 
strongly interacting at high energies [U, ■ In several ex- 
tensions of the Standard Model (SM) the new resonances 
associated to the unitarity restoration are expected to 
have spin 1. For instance, in Higgsless models a tower of 
spin-1 particles is responsible for cutting off the growth of 
the electroweak gauge boson scattering amplitude with- 
out the presence of any scalar (Higgs) field [3]. Another 
attractive possibility is that the electroweak symmetry 
breaking is associated to a new strongly interacting sec- 
tor [3] . These models also exhibit new vector states that 
contribute to the unitarization of the weak gauge boson 
scattering 
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Thus, a common feature of many EWSB scenarios, as 
the ones above mentioned, is the existence of new vector 
resonances, Z' and W , that couple to W~^W~ and W^Z 
pairs respectively. But, generically, their properties, such 
as mass, width, and couplings to SM particles, are model 
dependent. In this respect, the model independent chan- 
nels for detection of such spin-1 resonances would be their 
production via weak boson fusion (WBF) or its associ- 
ated production with an electroweak gauge boson, since 
both processes only involve their couplings to electroweak 
gauge bosons. Unfortunately for a Z' these signals are 
unobservable in a clean purely leptonic channel at LHC 
even with increased luminosity [6-8], while W can be 
observed in the WBF W^Z — >• W^Z elastic scattering 
d, Q. Once a clear signal of the charged resonance is 
observed in the above channels, it is mandatory to study 
its spin to confirm that the new state is indeed a vector 
particle. Much work has been devoted in the literature 
over the last years to this issue For this purpose 

the WBF process can be used to determine the spin of a 
W resonance at LHC, however, only for relatively light 
resonances and with the assumption of increased lumi- 
nosity 0. 

Alternatively the new spin-1 states can also be directly 
produced in pp collisions via its coupling to light quarks 
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and in order to establish that such new vector bosons are 
indeed associated with EWSB one should analyze pro- 
cesses in which the new spin-1 decays into electroweak 
gauge boson T?]. In this work we investigate the LHC 
potential to determine the spin of a new resonance re- 
sponsible for the unitarization of weak boson scattering 
amplitude by the study of the processes 
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Instead of assuming a specific model for EWSB we ex- 
press our results as a function of the relevant couplings of 
the new neutral (charged) resonance to light quarks and 
W^W~ (W^Z) pairs, and of its width and mass. The 
spin assignment of the new resonances is obtained from 
the spin correlation between the final state leptons, con- 
trasting the expected results for spin-1 and spin-0 new 
states, i.e. we work in the framework commonly used 
to analyze the spin of supersymmetric particles llO| . 
We also study the angular distribution of the produced 
EW gauge bosons in the V center of mass. In order to 
do so one needs to reconstruct the neutrino momenta for 
the processes ([T]). For the topology £'^£~£'^^t, associ- 
ated with the W production, the neutrino longitudinal 
momentum was obtained requiring that it is compatible 
with the production of an on-shell W. To reconstruct 
the momenta of the two neutrinos coming from Z' pro- 
duction we used the Mt2 assisted on-shell (MAOS) re- 
construction [l^. We show that the best sensitivity is 
obtained by directly studying the final state leptons and 
we quantify the correlated ranges of V couplings, masses, 
widths and collider luminosity for which the spin of the 
resonance can be established at a given CL. 



II. FRAMEWORK 

In order to study the processes ([T]) we must know the 
couplings of the new resonance to light quarks and elec- 
troweak gauge bosons, as well as its mass and width. 
Here we will consider that these are free parameter with- 
out restricting ourselves to any specific model. However, 
for the sake of concreteness we assume that the couplings 
of the Z' and the W to the light quarks and to gauge 
bosons have the same Lorentz structure as those of the 
SM, as suggested by the Higgsless models, but with arbi- 
trary strength. Furthermore, we vetoed the Z' coupling 
to ZZ pairs as it happens in this class of models. 

The partial wave amplitude for the process W'^W~ — >■ 
W^W" is saturated by the exchange of a Z' provided 
its coupling to electroweak gauge bosons satisfies @ 
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with gzww = g cw being the strength of the SM triple 
gauge boson coupling. Here g stands for the SU(2)l 



coupling constant and cw is the cosine of the weak mixing 
angle. 

Analogously, a charged vector resonance saturates uni- 
tarity of the scattering W^Z ^W^Z for jl] 
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In what follows we use gw'WZmax and gz'WWmax simply 
as convenient normalizations for the coupling of the spin- 
1 resonance to SM gauge bosons. 

The width of the new spin-1 resonances receives con- 
tributions from its decay to light quarks and electroweak 
gauge boson pairs, as well as into other states, like t or b. 
Therefore, in this work we treat the Z' and W widths as 
a free parameters. In this approach, for each final state 
the analysis depends on three parameters: the mass of 
the resonance. My; its width, Fv; and the product of 
its couplings to light quarks and to SM gauge bosons, 
gv'qq gv'wv- These parameters are only subject to the 
constraint that for a given value of product of the cou- 
plings of the new resonance and of its mass, there is lower 
bound on its width that reads [131 
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where gzqq = g/cw and gwqq' = g/V^. 

Within our approach we can express the cross section 
for the processes ^ as 



gV'qq gv'wv 
, gvqq gv'wv max 

/ gV^qq gV'WV 



\ gVqq gV'WVr 



av'{Mv',rv') (6) 



where the Standard Model, interference and new reso- 
nance contributions are labeled SM, int and V respec- 
tively. Moreover, for V' = Z' , gv'wv = gz'ww and 
gv'qq = gz'qq whllc for V = W, gv'wv = gw'WZ and 

gV'qq = gW'qq'- 

By construction our analysis applies to any V' whose 
couplings to the SM u- and d-quarks and to the SM gauge 
bosons are a simple rescaling of the W or Z couplings. 
Conversely the analysis renders limited information on 
the underlying physics associated to the new resonances 
unless combined with information from other channels 
for the observation of these states. For instance, the pro- 
cesses ^ give information on the couplings to light quark 
pairs and electroweak gauge bosons. Analyzing the weak 
boson fusion production of these particles allow us to dis- 
entangle the couplings to gauge bosons and quarks. Cer- 
tainly additional information can be gathered by study- 
ing further channel like the associated production with a 
gauge boson or the new resonance decay into leptons. 
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We perform our analyses at the parton level, keep- 
ing the full helicity structure of the amplitude. This 
is achieved using the package MADGRAPH 14] modi- 
fied to include the new vector states and their couplings. 
In our calculations we use CTEQ6L parton distribu- 
tion functions [15] with renormalization and factoriza- 



tion scales A^F = A^fi = v (Pt + Pt )/2 where is 
the transverse momentum of the two charged leptons in 
the Z' decay or of the two different flavor opposite sign 
leptons in the W decay. For the case of W decaying into 
three equal flavor leptons we choose the two opposite sign 
leptons whose invariant mass is not compatible with be- 
ing the decay products of a Z. Furthermore, we simulate 
experimental resolutions by smearing the energies, but 
not directions, of all final state leptons with a Gaussian 
error given by a resolution AE/E = 0.1 /^/E (BO. 01 {E in 
GeV). We also consider a lepton detection efficiency of 
= 0.9. 



III. W SPIN DETERMINATION 

We analyzed W' production in the channel 

pp^w zw^ i+re^fT 

with £ = e or /i. The main SM backgrounds are the pro- 
duction of electroweak gauge boson pairs W^Z and ZZ 
with its subsequent leptonic decay. In the ZZ production 
one of the final state leptons must evade detection. The 
SM production of top quarks can also lead to trilepton 
final states, however, this process is rather suppressed 
since one of the isolated leptons must originate from the 
semi-leptonic decay of a b quark. 

The starting cuts are meant to ensure the detection 
and isolation of the final leptons plus a minimum trans- 
verse momentum: 

\rie\ < 2.5 , Ai?« > 0.2 , Pt > W GeV and^^T > 10 GeV 

(7) 

Next, we look for a same flavor opposite charge lepton 
pair that is compatible with a Z, i.e. 
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We also demand in the search for the resonance that the 
hardest observed lepton has transverse momentum in ex- 
cess of 120 GeV in order to tame the SM backgrounds. 

In this process the neutrino momentum can be re- 
constructed up to a two-fold ambiguity: its transverse 
momentum can be directly obtained from momentum 
conservation in the transverse directions while its lon- 
gitudinal component can be inferred by requiring that 
{p" +p^)^ = M^, which leads to 
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where p is the four-momentum of the charged lepton not 
associated to the Z . With the two values of the recon- 
structed neutrino momenta we obtain two possible solu- 
tions for the invariant mass of the tUv system. In order 
to enhance the signal and reduce the SM backgrounds 
we require that the final state is compatible with a W 
production of a given mass. 
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where Af™" is the smaller of the two solutions. In our 
analysis we consider three reference W masses 500 GeV, 
1 TeV, and 1.5 TeV, and we took 5 = 50, 100, and 200 
GeV for the three cases, respectively. 

We show in Fig. [T] (upper panel) the values of 
aw'{Mw jl^w ) and asM (which after cut pO|) is also 
a function of Mw') at y/s = 14 TeV. Once the cuts de- 
scribed above are imposed the interference term is negli- 
gible for all values of W mass and widths considered. As 
seen from this figure the SM backgrounds diminish as the 
new state becomes heavier, as expected, and the signal 
cross section deteriorates as the width of the resonance 
grows. Moreover, this channel presents a small SM back- 
ground due to the reduced leptonic branching ratio of the 
electroweak gauge bosons. For the sake of completeness 
we depict in Fig. [1] (lower panel) the region of the pa- 
rameter space where the LHC will be able to observe a 
W with at least 5a significance level for an integrated 
luminosity of 100 fb~^. For this luminosity the number 
of background events is large enough for Gaussian statis- 
tics to hold for Mw' = 500 and 1000 GeV and we impose 
Nw' > 5y/NsM where Nw',sm = Cx aw',SM x (e^)^- For 
Mw' = 1500 GeV the number of expected background 
events is iVsM = 9.8 and we adopt the corresponding 
5(7 observability bound for Poisson statistics in the pres- 
ence of this background, i.e. Nw' > 18. As expected 
larger couplings are required for the observation as the 
resonances broaden. The upper bounds on the discovery 
region are due to the constraint ([5]) on the couplings for 
a given W' width. As a final remark, with a reduced 
integrated luminosity of 10 fb~^ the lower line of mini- 
mum coupling constant product needed for discovery is 
increased by a factor ~ 3, however, a sizable fraction of 
the parameter space can still be probed. 

It is interesting to compare the results depicted in the 
lower panel of Fig. [T] with the direct searches for a W' 
performed so far. A comparison of these searches, un- 
fortunately, is model dependent since the experimental 
analyses relied on a specific model. For instance, they 
used the direct interactions of the new W' states with 
leptons, which is not present in our parameterization. 
The only exception is the GDF Collaboration search for 
new WW and WZ resonances in pp — > e^jjfx [3 • This 
work excludes a narrow 500 GeV W' at 95% CL provided 
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This implies that a small left corner of Fig. [1] is probably 
already excluded. 
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FIG. 1: Upper panel: signal and background cross sec- 
tions for the l~ Jf^T final state for all possible lepton 
combinations without including lepton detection efficiencies. 
Lower panel: the filled regions are the ranges of the pa- 
rameters for observation of a W' with mass My^' = 0.5, 
1, and 1.5 TeV with at least Scr significance in the reaction 
pp^W'^ ZW^ e.+ri'^j^T and an integrated luminos- 
ity of 100 fb-^ 

In previous studies Q , it has been shown that a conve- 
nient variable for contrasting the production of particles 
with different spin is 

cos6';^ = tanh(^^^^ , (11) 

where lS.rju is the rapidity difference between the same 
charge leptons. This quantity has the advantage of being 
invariant under longitudinal boosts. We present in the 



FIG. 2: cosOii (upper panels) and cosO^z (lower panels) dis- 
tributions for the production of the charged vector resonance 
W' (solid blue line with error bars), and the production of 
a charged scalar resonance (dotted red line). The results are 
shown for Fw' = OmM^, and l^fljiW swwz \ ^ q.S. 

The SM contribution (barely visible) is the dashed black line 
at the bottom. Here we assumed an integrated luminosity of 
100 fb-^ 

upper panels of Fig. [2] the cos 9^^ spectrum for the pro- 
duction of spin-0 and spin-1 resonances and our three 
reference masses. In order to compare the spin-0 and 
spin-1 angular correlations we assumed that the produc- 
tion cross section of the spin-0 particles is equal to the 
one for spin-1 particles, and we imposed that the scalar 
and vector resonances have the same mass and width. 
As we can see, the cos9}^ distribution for W vector pro- 
duction exhibits a maximum at cos 6*^^ = 0, as expected. 
In principle this spectrum should be flat in the produc- 
tion of scalars, however, the acceptance cuts, especially 
\rji\ < 2.5, distort this spectrum, which reduces the dis- 
criminating power for light resonances. 

The extraction of the final state neutrino momentum 
allow us to reconstruct angular correlations in the WZ 
center-of-mass frame. Therefore, we also study the spin 
correlations using the reconstructed Z polar angle (Owz) 
distribution evaluated in the WZ center-of-mass frame. 
Since there is a two-fold ambiguity in this reconstruction, 
we consider the average of the two resulting distributions 
in our analysis. As shown in Ref. ^ the angular distri- 
bution of the reconstructed cos 9wz for the reconstruc- 
tion yielding minimum (maximum) WZ invariant mass, 
is peaked (has a valley) around zero when compared to 
the true 9wz but the average of the two has a very sim- 
ilar distribution to the true one. We plot in the lower 
panels of Fig. [2] the cos0^| spectrum for the production 
of spin-0 and spin-1 resonances and our three reference 
masses. Comparing the distributions in the two angular 
variables cos 9^ and cos 9^^'^ we learn that they are very 
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FIG. 3: The upper panels contain the cos6;*; (g) cosO^z spec- 
trum for W' and Miyi = 0.5 TeV (upper left panel) and 
1.5 TeV (upper right panel) where cosO^z is the average 
of the two possible solutions. The lower panels depict the 
cos 61,* (g) cos 61^^°^"°^++ spectrum for Z' and Mz' = 0.5 
TeV (lower left panel) and 1.5 TeV (lower right panel). 



similar. Indeed they happen to be strongly correlated as 
shown in the upper panels of Fig. [31 where we plot the 
cosO^i (g) cos 6*^1 spectrum for Mw' = 0.5 TeV (upper 
left panel) and 1.5 TeV (upper right panel). The figure 
is for Tw' = 0.05M\Y' but the results are very insensi- 
tive to the precise value of the width. It is clear from 
Fig. [3] that there is a strong correlation between cos 6*1^ 
and cos O^yz ' which is somehow unforeseen given the def- 
initions of both variables and the different behaviours of 
the 

cosO^^z s-iid cosO^z distributions. As expected the 
correlation gets stronger as the W' mass increases since 
heavier resonances decay into more energetic electroweak 
gauge bosons and consequently the final state leptons 
have the tendency to follow the direction of the parent 
W or Z. 

Taking into account the correlation between cos 0;*; and 
cos0^^, it is expected that both kinematical variables 
have a comparable spin discriminating power. In fact, 
this is the case except for Mw' = 500 GeV, where 
cos 6^% performs slightly worse. Furthermore we should 
keep in mind that larger systematic uncertainties are ex- 
pected in the reconstruction of 9wz associated with the 
understanding and calibration of the detector due to the 
measurement of missing transverse momentum. 

In order to quantify the parameter space region for 
which a positive discrimination between spin~0 and spin- 



FIG. 4: Parameter space region where the W' spin can be 
determined with 99% CL using the asymmetry Au for an 
integrated luminosity of 100 fb~^. 



1 resonances is possible we construct the asymmetry 



Af 



cr(| cos 61*^1 < 0.5) - cr(|cos6'|J > 0.5) 
cr(| cos 6l|J < 0.5) + a(| cos 6*1^1 > 0.5) 



(12) 



Notice that this observable eliminates possible normal- 
ization systematics in the angular distributions. 

Fig. 2] displays the region in the parameter space where 
the W spin can be established with 99% CL using Au for 
an integrated luminosity of £=100 fb"'^ at the LHC. This 
result was obtained taking into account only the statis- 
tical errors and assuming that the observed distribution 
follows that of a vector resonance. With this hypothesis 
the 99% CL spin discrimination condition reads: 



|^« - > 2.58 a^v = 2.58 



I -A] 



(13) 



where cr^v is the expected statistical error of the variable 

Ajg and A^^tot = Cx atot x (e^)^ with crtot in Eq. dH). In 
writing Eq. (IT31) we implicitly assume that for the 99% 
spin determination the number of events A^tot is always 
large enough for Gaussian statistics to hold. We verify 
that this is the case even for the smallest couplings for 
which 99% CL spin determination is possible and there- 
fore the procedure is consistent. 

Comparing Figs. |4] and [1] we see that the minimum cou- 
plings necessary to determine the spin at 99% CL for this 
integrated luminosity is a factor of an order of 2 larger 
than the minimum couplings needed for its discovery. 
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FIG. 5: The solid (dashed) hnes stand for integrated luminos- 
ity required for the discovery (99% CL spin determination) as 
a function of the vector resonance couplings. We present the 
results for three masses and two widths: Tw' = O.OlA/vv 
and Tw' = 0-3Mw' ■ See text for detailed information on the 
statistics used in this figure. 



discovery requirements were obtained using Poisson or 
Gaussian statistics depending on whether the expected 
number of SM events was smaller or larger than 15 and 
the changing from one to the other determines the dis- 
continuity in the corresponding lines. For the 99% CL 
spin determination the number of expected events is al- 
ways large enough for Gaussian statistics to hold. As 
we can see from Fig. [SJ an earlier discovery, e.g. with 
10 fb~^, is possible even for rather weakly coupled W. 
Although the W spin determination requires larger cou- 
plings it can also be carried out in a sizable region of the 
parameter space in earlier runs. 



IV. Z' SPIN DETERMINATION 

We study the Z' spin through the reaction 

pp^ z' ^ w+w- i+6'^-$T ■ 

The main SM backgrounds to this process are the produc- 
tion of W^W^ with its subsequent leptonic decay, the 
ZZ production with one Z decaying into charged leptons 
and the other decaying invisibly or with both Z decaying 
into charged leptons two of which escape undetected. Ad- 
ditional backgrounds are provided by the SM production 
of ti pairs with both top quarks decaying semileptonically 
as well as the t+t~ production with both t's decaying 
leptonically. 

We begin our analysis requiring two final state leptons 
with opposite charge and applying acceptance and isola- 
tion cuts on them 

\rif\ < 2.5 , ARei > 0.2 and pf, > 50 GeV (14) 

The presence of two neutrinos in the final state renders 
impossible the complete reconstruction of the event. A 
possible variable to characterize the signal is the trans- 
verse invariant mass. 



Moreover, as seen in Fig. [51 the acceptance cuts modify 
more drastically the distributions for lighter W masses, 
and consequently, the discrimination between spin-0 and 
spin-1 requires a larger statistics, reflected in larger cou- 
plings and production cross sections. Notwithstanding, 
the LHC will be able to successfully unravel the spin of 
a possible new state with 99% CL in a large fraction of 
the parameter space of discovery. 

In order to address the potential of the LHC from ear- 
lier runs or with upgraded luminosity, but still at 14 
TeV, we quantify the luminosity requirement for discov- 
ery and spin determination of the resonance as a function 
of its parameters. Fig. [S] depicts the integrated luminos- 
ity needed for a 5(7 discovery (solid lines) and 99% CL 
spin determination based on (1131) (dashed lines) as a func- 
tion of its couplings for our three reference masses and 
two widths ( Tw' = O.OlMw and Tw' = O.SMw). The 
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(15) 



where jJt is the missing transverse momentum vector, 
Pr^^^ is the transverse momentum of the pair £^l'^ 
and irii+gi- is the i~^£'~ invariant mass. 

Alternatively we attempt to reconstruct the WW in- 
variant mass by estimating the momenta of the two 
escaping neutrinos produced using the Mt2 Assisted 
on-SheU (MAOS) reconstruction For W~^{pi + 

P2)W'{ki + {pi)v{p2)('~ {ki)v{k2) the variable 

Mt2 is defined as [13 
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v.T^^T^T [niax{MT(piT, P2t), MT(kiT, kar)}] 

(16) 
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where Mt is the transverse mass 



^t(Pit'P2t) = 2(|pitIIP2tI - Pit ' P2t) ■ (17) 

For an event without initial state radiation the transverse 
MAOS momenta are simply given by 

„ maos _ 1, 1, maos ('ISA 

P2t — —KiTi — — Pit- 

There can be two different schemes to define the longi- 
tudinal MAOS momenta. One is to require the on-shell 
conditions for both the invisible particles in the final state 
and the mother particles in the intermediate state {W) 
[T^ (here called MAOS-original ) which results into a 
four-fold degeneracy 
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where A = /2 + pi • p2??^°" and B = /2 + ki^ • 

kmaos 
2T 

Another possible scheme pLS] is to require 

(pmaos)2 ^ (;,maos<)2 ^ q ^ ^20) 
(Pl +Pr")' = (^1 + kr°l^ = M^2, 

which gives unique longitudinal MAOS momenta (here 
called MAOS-modified) as 
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kmaos I 
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fciL. (21) 



To illustrate the accuracy of the neutrino momenta 
determination in the MAOS reconstruction we present 
in Fig. [5] the reconstructed Z' W^W~ invariant mass 
using the MAOS-original (with sign ++ in Eq. ([T9| for 
illustration), MAOS-modified and the WW trans- 

verse invariant mass (jlSp . For the sake of comparison 
the shaded (green) area represents the actual spectrum. 
As we can see, the three methods lead to similar results 
which is expected since the signal is dominated by Z' de- 
caying into on-shell VF's. Furthermore, in all cases the 
characteristic peak associated with the production of the 
resonance is substantially broadened. However it is still 
possible to suppress the backgrounds and enhance the Z' 
signal by demanding that any of the reconstructed WW 
masses to be around Mz' within a broad width. 

Consequently in our study we demand the WW trans- 
verse invariant mass to comply with 
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6; Reconstructed WW invariant mass distributions for 
> Z' ^ W+W- re.+$T assuming Mz' = 500 GeV 
Vz' = 25 GeV. The solid (black) line corresponds to 
V = Mt"^ gg). The dashed (red) line stands for the in- 
variant mass reconstructed using the MAOS-original momen- 
tum prescription with sign ++ in Eq. H19p and the dash-dot 
(blue) line represents MAOS-modified (|21|) prescription. The 
shadow (green) area represents the true spectrum. 



where only a lower cut is required because the back- 
ground is a very steeply falling function of ■ 

After the cuts ([HI) and ([22]), the ti SM background is 
still quite large, therefore we veto the presence of addi- 
tional jets in the event with 



\ri,\<i and > 20 GeV. 



(23) 



However, QCD radiation and pile-up can lead to the ap- 
pearance of an additional jet even in signal events. There- 
fore, we must introduce the probability of a QCD (elec- 
troweak) event to survive such a central jet veto [l^. The 
survival probability due to pile-up has been estimated to 
be 0.75 for a threshold cut oi px = 20 GeV in Ref. 
Taking into account these two effects we included in our 
analysis veto survival probabilities 



0.56 



p3,?J' = 0.23 



(24) 



For events presenting same flavor lepton pairs, i.e. ee 
or /i/i, there is an additional SM contribution stemming 
from ZZ production with one of the Z decaying invisi- 
bly and the other into a charged lepton pair. For these 
final states, we supplement the cuts (HH), (P^ . and ([25)1 
further imposing that 



> 50 GeV and me+e- > 100 GeV. 



(25) 
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: asM,, M = 1000 GeV 
; cTsMu M = 1500 GeV 




5a Obs, L=100 fb' 



Mz-1500 GeV 
] Mz = 1000 GeV 

M/=500 GeV 



FIG. 7: Upper panel: signal and background cross sections 
for the ]f^T final state for all possible lepton flavor com- 
binations without including lepton detection efficiencies nor 
survival probabilities. Lower panel: the filled regions are 
the ranges of the parameters for observation of a W' with 
mass Mw' = 0.5, f, and 1.5 TeV with at least 5(t signifi- 
cance in the reaction pp — )• Z' — )• W^W~ — > £^£'~ for an 
integrated luminosity of 100 fb^^. 



We denote the sum of the SM backgrounds not originat- 
ing from tt production as EW background. 

We show in the upper panel of Fig. [7] the values of az' 
and asM for the electroweak and ti backgrounds at ^/s ~ 
14 TeV. Once the cuts described above are imposed the 
interference term is negligible for all values of Z' masses 
and widths considered. We see that the backgrounds for 
Z' in the leptonic final states are considerably larger than 
the ones for W' as a consequence of the very broad re- 




cosi?r 



HAOS-OR+-t- 



nUA05-OR+-t- 



FIG. 8: cosfj* (upper panels) and cos 6)^^^"°^++ (lower 
panels) distributions for the production of the neutral vector 
resonance (solid blue line with error bars), and the production 
of a neutral scalar resonance (dotted red line). The results 



are shown for Tz' = O.QlMz' and 



= 0.3. 



^ 9Zqq 9z'WWm 

The contribution of the SM background is depicted by the 
dashed black line. We assumed an integrated luminosity of 
100 fb-\ 



construction of the Z' invariant mass in this channel. For 
the sake of completeness we depict in the lower panel of 
Fig. [7] the parameter space region where the LHC will be 
able to observe a Z' with at least 5ct significance level 
for an integrated luminosity of 100 fb^^. For this lumi- 
nosity the number of background events is always large 
enough for Gaussian statistics to hold and we impose 
Nz' > 5y/N^, where Nz' =C x az- x Pf^^ x [t^ f and 



SM 



— Cx{a. 



EW 
SM 



pEW 



X PQCD) ^ (^.)2, Cor 



paring with Fig. [T] we find that establishing the existence 
of a Z' requires larger couplings to light quark and vector 
boson pairs than a W' as a consequence of the larger SM 
backgrounds. 

Nowadays, a small part of the lower panel of Fig. [7]has 
been directly probed. The CDF analysis [16] indicates 
that for narrow 500 GeV Z's 



9Z'. 



gzqq 



gz'ww 

9 Z' WW max 



> 0.19 



is excluded at 95% CL. 

In order to discriminate the spin of the neutral res- 
onance we first employ the variable cos 9^^ (jlip using 
the two opposite charge leptons which does not require 
the determination of the neutrino momenta, therefore 
avoiding reconstruction ambiguities. We plot in Fig. [8] 
(upper panels) the cos^l^ spectrum for the production 
of spin-0 and spin-1 resonances for our three reference 
masses and assuming a width of Tz' — Q.OlMz' and 
faz^qq. 9z'ww ^ = 0.3. We imposed that the spin-0 

\gZqq gz'WWmax J 
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Tz'/Mz 

FIG. 9: Parameter space region where the Z' spin determi- 
nation can be done at 99% CL for an integrated luminosity 
for 100 fb~^ using the asymmetry A^. 



production cross section has the spin-1 value. Analo- 
gously to the W case, we can see that the acceptance 
cuts distort considerably the spin-0 spectrum at lower 
masses. For heavier states the final state leptons have a 
larger tendency to follow the direction of the parent W 
since it is more energetic, ameliorating the effect of the 
cuts. Another important feature of this case is that the 
SM background is no longer negligible. 

We have also explored the expected distribution of the 
W polar angle in the W~^W~ center-of-mass frame as re- 
constructed using the different MAOS prescriptions. As 
an illustration we depict, in the lower panels of Fig. [51 
the reconstructed cos 9ww spectrum for the production 
of spin-0 and spin-1 resonances and our three reference 
masses as obtained from the MAOS-original momentum 
prescription with sign H — h in Eq. (|19p . The comparison of 
the distributions of the two angular variables presented 
in this figure indicates that these variables are correlated. 
Indeed they are strongly correlated as can be seen in the 
lower panels of Fig. |31 Consequently, as in the W case, 
we can foresee a similar spin discriminating power for 
both variables on the basis of statistics. We have verified 
that the same conclusion is reached when using either the 

MAOS-original momentum prescription with sign in 

Eq. ([T9)) . the average of the distributions with H — and 
— h signs, or the MAOS-modified prescription (PTI) . 

We present in Fig. [9] the Z' parameter space region 
where the LHC can establish its spin with 99% CL us- 
ing Au for an integrated luminosity of 100 fb~^. As in 
the W case, the minimum couplings needed for the spin 




-2 -1 
10 10 1 

(gz'cq/ (g/ Cw)) X (gzw/ gzWmox) 



FIG. 10: The solid (dashed) lines stand for integrated lu- 
minosity required for the 5a discovery (99% CL spin deter- 
mination) as a function of the vector resonance couplings. 
We present the results for three masses and two widths: 
Tz> = O.OlMz' and Tz' = 0.3M^/. 



determination are approximated twice the ones required 
for the Z' discovery. Moreover, the minimum couplings 
required for the spin determination exhibit a very mild 
dependence on the resonance mass since the acceptance 
cut effects are smaller for heavier states, compensating, 
partially, the decrease in the production cross section. 

Finally we show in Fig. [10] the required integrated lu- 
minosity for a 5(7 discovery (solid lines) and 99% CL spin 
determination based on (|13p (dashed lines) for our three 
reference masses and two widths ( Tz' = O.QlMz' and 
Tz' — 0.3Mz' ) as a function of the Z' couplings. We find 
that for a given value of the Z' couplings the required lu- 
minosity for 99% CL spin determination based on the 
study of Au is a factor ~ 20 (10) {9} larger than the one 
required for 5(7 discovery for Mz' = 500 (1000) {1500} 
GeV and that these factors are almost independent of 
Tz'/Mz'. 



10 



V. SUMMARY 

In this work we have performed a model independent 
analysis of the LHC potential to unravel the spin of new 
charged and neutral vector resonances associated with 
the EWSB sector that are predicted in many extensions 
of the SM. The production of a charged vector resonance 
leads to trilepton final states and we showed that the 
study of the cos0|^ and the reconstructed cos 9wz dis- 
tributions yield similar discriminating power for the spin 
of the new state. We find that the study of the trilepton 
channel can lead to a 99% CL determination of the new 
charged state spin in a large fraction of the parameter 
space where this state can be observed at the LHC for 
an integrated luminosity of 100 fb~^. As an illustration, 
let us consider the case of Higgsless models Q where the 
W mass is expected to be lighter than 1 TeV and that 



f gw'qq gw'wz 

\ gWqq gW'WZma 



0(0.07) . 



The range of these parameters indicates that this new 
state should be observed with an integrated luminosity 
of the order of 10 fb~^, while the determination of its 
spin should require a few tens fb^^. 

The analyses for the neutral spin-1 resonances was car- 
ried out using the production of opposite charge dilep- 
tons. It turns out that the SM background in this case 
can be efficiently reduced, however, it is not completely 
eliminated by the cuts, consequently leading to a larger 
required luminosity for the discovery and determination 
of the spin of the neutral new particles. We considered 
two methods for the reconstruction of the final state neu- 
trinos (and consequently of the Z' mass) MAOS-original 



and MAOS-modified, that lead to similar results. We 
find that the variables cos and cos 9\yw with cos O^rw 
reconstructed with any of the MAOS methods lead to 
equivalent precision in the spin determination of the Z' . 
Analogously to the W case, the 99% CL determination 
of the neutral resonance spin can be carried out in a large 
fraction of the discovery parameter space for a fixed in- 
tegrated luminosity. In the particular case of Higgsless 
models [3| , the Z' mass is expected to be smaller than 1 
TeV and its couplings 



gz'qq gz'ww 

gZqq gZ'WWma 



0(0.1) 



which implies that an integrated luminosity of 100 fb""'^ 
should be enough for a Z' discovery and to unravel its 
spin. 
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